Introduction
Nuclear receptors (NRs) are ligand-inducible transcription factors that regulate many aspects of development, differentiation and homeostasis by binding as homodimers or heterodimers to their cognate DNA response elements (REs) [ 1-41. Like other transcription factors, they have a modular structure, with three distinct domains: an N-terminal domain containing an autonomous activation function (AF-l), a highly conserved DNA-binding domain (DBD) , and a C-terminal ligand-binding domain (LBD), which is not only responsible for ligand binding but also includes a receptor homo-and heterodimerization interface, a ligand-dependent transcriptional activation function called AF-2 and (in some cases) a ligand-reversible repression function (reviewed in [ 1-41) . Recently determined X-ray crystal structures of three NR LBDs [5-81 have revealed a common fold consisting of 12 a-helices. One of them, helix 12, contains the core motif of the AF-2-activating domain (AF-2 AD), which is essential for AF-2 activity [9-111. Interestingly, helix 12 is thought to be repositioned in a new receptor environment upon Abbreviations used: AD, activating domain; AF, activation function; DBD, DNA-binding domain; ER, oestrogen receptor; HP1-BP, HP 1 -binding protein; LBD, ligand-binding domain; NR, nuclear receptor; OMP, orotidine-5'-monophosphate; RE, response element; RAR, retinoic acid receptor; RXR, retinoid X receptor; TIF, transcriptional intermediary factor. *To whom correspondence should be addressed.
ligand binding [ 5-81. Because ligand-dependent transcriptional activation by AF-2 is postulated to involve ligand-dependent interactions with mediators or transcriptional intermediary factors (TIFs), the emerging picture is that the induction of AF-2 is the consequence of a ligandinduced conformational change creating the proper interacting surface(s) for TIF binding Included in the group of the putative AF-2 TIFs are TIF1, RIP140, TRIPl/SUGl, SRC-1, TIFUGRIPl, ARA70 and CBP (reviewed in [4] ). All of them bind to receptors in a liganddependent manner and require the integrity of the AF-2 AD core for binding. In addition, some of them, SRC-1, TIFZ/GRIPl and CBP, have the properties of positive mediators or co-activators because they contain an intrinsic activation function, relieve autosquelching and stimulate the AF-2 activity of receptors in cultured cells [12-141. At present, how and why so many different proteins interact with the AF-2 AD are still open questions. In principle, not all of them are expected to function in the same way and to have a role in the context of all target promoters. Some of them might act as a molecular bridge between NRs and the transcriptional machinery, whereas others might not directly contact the basal machinery but instead have an effect on the chromatin template. Finding out the downstream targets of these potential TIFs should advance our understanding of how and where they function. This has been done in our laboratory for PI * one of them, T I F l [15, 16] . Results are reviewed briefly here.
Results
TIF I , a putative transcriptional mediator for the T I F l was originally cloned in a yeast 'multicopy suppressor' screen to isolate mouse cDNA species whose overexpression increased the AF-2 activity of retinoid X receptor (RXR) [15] . Its nucleotide and deduced amino acid sequence revealed a protein of 1017 amino acid residues with a predicted molecular mass of 112 kDa and a number of conserved domains ( Figure 1A ): (1) an RBCC domain consisting of an evolutionarily conserved C3HC4 zinc-finger motif or RING finger preceding two B-box type fingers and a coiled-coil domain (reviewed in [ 151); (2) another Cys/His-rich motif, the C4HC3 motif or PHD finger, which has been found in several chromatin-related proteins, e.g. the Drosophila Trithorax and Polycomb-like proteins, suggesting that it may be involved in chromatin interactions [17] ; and (3) a bromodomain that is also present in a number of transcriptional co-activators, including SNF2, GCN5 and TAFI12.50, which all reside in large subunit complexes, indicating that the bromodomain might mediate protein-protein interactions influencing the assembly and/or activity of multiprotein complexes [18] .
With the use of the yeast two-hybrid system [ 19, 201 and glutathione S-transferase pull-down experiments [1.5], T I F l was shown to interact directly with the LBD of several steroid and nonsteroid receptors, including the RXR, the retinoic acid receptor (RAR), the oestrogen receptor (ER) and the vitamin D3 and progesterone receptors, in the presence of agonistic ligands but not in the presence of antagonists [15] . Deletion analysis revealed that none of the conserved domains of T I F l are involved in these interactions ( Figure 1B) . They all require the integrity of a 10-amino acid sequence located in the central part of T I F l (residues 726-735; the NR box), which is sufficient on its own to interact with liganded NRs ( Figure 1B ; see also [16] ). Interestingly, similar amino acid sequences were also found in RIP140 [21] and TRIP3 [22] , two other potential mediators of the NR AF-2 ( Figure 1C) .
T o test the correlation between NR activation function and binding to TIF1, several RXR receptors bearing mutations in the AF-2 AD core NR AF-2 were assayed for their ability to transactivate in COS-1 cells and to interact with T I F l in yeast ( Figure 1D ; see also [15] ). In contrast with the wild type, an RXR mutant lacking the core motif of the AF-2 AD, but still binding ligand, can neither bind T I F l nor transactivate in vivo (Figure l o ) . Receptor mutants with point mutations in this core motif showed decreased interaction and transactivation, or had lost both functions ( Figure 1D) . A similar correlation has been observed between the ability of RAR and ER mutants to stimulate transcription with their ability to interact with T I F l [23] , indicating that this interaction is likely to have functional significance. In support of this hypothesis, a constitutive mutant bearing a point mutation in helix 5 of the LBD of RXRo1 has recently been identified that can activate transcription and bind T I F l in a ligand-independent manner (V. Vivat, C. Zechel, J.-M. Wurtz, W. Bourguet, H. Kagechika, H. Umemiya, K. Shudo, D. Moras, H. Gronemeyer and P. Chambon, unpublished work).
TIF I interacts with members of the chromo family
On the basis of the above results, T I F l has many of the properties expected for a mediator of the ligand-dependent AF-2 function of NRs. T o elucidate further how T I F l could function, a mouse embryo cDNA library has been screened for clones encoding TIF1-interacting partners, with the yeast two-hybrid system. Interestingly, this screening has resulted in the isolation of two heterochromatin-associated proteins, HP lo1 and MODl [25, 26] . Both of them are mouse homologues of Drosophila HPl (dHP1 in Figure U ) , a heterochromatin protein involved in position effect variegation [27, 28] . They all belong to a subfamily of the chromatin organization modifier (chromo) superfamily [29] . Members of this subfamily have a N-terminal chromo domain similar to that found in some chromatin-binding proteins involved in gene silencing, such as the Drosophila Polycomb (Pc) protein ( Figure U ) (reviewed in [27, 28] ). In addition, they possess a C-terminal chromo-like domain, the chromo shadow domain (Figure 24 ) [30] , which has heterochromatin-targeting activity in dHPl [3 11.
T I F l interacts with HPlcr and MODl in yeast as well as in vitro ( Figures 2B and 2C ).
Deletion analysis revealed that the chromo shadow domains of HPlo1 and MODl and a 27-amino acid sequence of T I F l (residues 675-701; the HP1 box) were sufficient for inter- [16] ). Note that the HPl box is near, but different from, the NR box. Mutations in the TIFl HP1 box that impair the interaction with HPla or MODl have no effect on TIFl binding to NRs. Reciprocally, mutations in the NR box that abolish interactions with NRs do not affect binding to HPla and MODl ( Figure 2E ). Therefore these two TIFl interactions are genetically separable. Whether they may also interfere remains to be investigated.
The chromo shadow domain of HP I a is involved in multiple protein-protein contacts
By using HPla as a bait in a further two-hybrid screen, a number of mouse cDNAs encoding HPl-binding proteins (HP1-BPs) have been isolated ( Figure 3A) , which all interact with the chromo shadow domain of HPla [16] . Included in this group of polypeptides are several good candidates for regulators of chromatin structure and/or function: (1) HPla itself and MOD1, suggesting that HPla can form dimers or higher- , which contains an integrated URA3 reporter gene driven by three oestrogen response elements [20] , together with plasmids expressing the VP16 acidic activation domain ( M D ) unfused or fused to the coding sequence of RXRa. Transformants were grown in selective medium containing uracil with or without I pM 9 cis-retinoic acid (9C-RA) as indicated. Cell-free extracts were prepared and assayed for the specific activity of the URA3 gene product, orotidine-5'-monophosphate (0MP)-decase, which is expressed in nmol of substrate/min per mg of protein. Figures 3A and 3B) , (see also [16] ); (3) a putative helicase exhibiting a high degree of similarity with the human RAD54-like protein (HP1-BP38 in Figure 3A ) (see also [16] ); and (4) the mouse homologue of the human SNF2P/ BRGl protein (HP1-BP72 in Figure 3A) .
Interestingly, this protein has been reported to interact with the LBD of ER in a ligandso-called SWI/SNF or BRGl complex to which dependent manner [32] and to co-operate with SNFZfl binds [34] . This complex was also found ER and RAR in transcriptional activation 11331, to interact with HPla in vitro [16] , suggesting presumably through a chromatin remodelling that it might be involved in the remodelling of effect and via a multisubunit complex, the heterochromatin-like structures. Interestingly, no interaction was observed between SNFZP and MOD1, indicating that H P l a and MOD1, although being structurally highly related, might be functionally distinct. An additional HP1-BP was isolated, HP1-BP77, that showed significant similarity to T I F l and was therefore named TIFIB, whereas the original T I F l was renamed T I F l a ( Figure 3C ) [16] . Over their entire length, T I F l a and T I F l g exhibit 32% identity and 54% similarity ( Figure  3C ). Like TIFla, T I F l g contains an RBCC motif and a PHD finger followed by a bromodomain ( Figure 3C ) [16] . Thus both of them have the same domain organization. However, they are weakly similar in their central region, which does not span the conserved domains ( Figure 3C ). Moreover, TIFlP, but not TIFlx, contains an imperfect bromodomain that does not display all the characteristic features of the consensus motif [ 161. Therefore although they are highly related, they might exhibit functional differences. Consistent with this idea, T I F l a and T I F l P were found to bind to a different but overlapping set of interacting partners. They both interact with HPla and MODl, in yeast as well as in vitro (Figure 3 0 , and results not shown). Moreover they have recently been shown to interact with the 97 residue-long KRAB domain of the human KOXl protein (Figure 3 0 ) (see also [35, 36] ). The KRAB domain is a potent repression domain that is present in a large number of vertebrate proteins containing multiple Kriippelclass Cys2-His2 (C2H2) zinc-fingers in their C-termini [37-391. The region of T I F l a that interacts with the KRAB domain of KOXl has been located within a segment of 187 amino acids (residues 247-433) that includes the coiled-coil motif but not the HP1 box or the NR box [36] . Interestingly, mutations in the KRAB domain that abolish repression in transfected cultured cells have been shown to abolish concomitantly the interaction with T I F l g [35, 36] , suggesting that TIFlP, and possibly also TIFlcr, may play a key role in mediating the silencing activity of this domain. T h e finding that both T I F l a and TIFlfl can repress basal and activated transcription when fused to a DNA-binding domain supports this idea (Figures 3E and 329 [35, 36] . HPla, to which TIFlcr and T I F l P bind, was also found to repress transcription when recruited to a promoter ( Figures 3E and 329 . With the yeast two-hybrid system and glutathione S-transferase pull-down experiments, no interaction was observed between T I F l b and the liganded or unliganded LBDs of RAR, FXR or ER, whereas under the same conditions a liganddependent interaction was obtained with T I F l a (results not shown), suggesting that, in cont'rast with TIFla, T I F l P might not be a target for the AF-2 AD of NRs.
Discussion
What role might T I F l a and T I F l P play in control of transcription? Our results demonstrate that both of them interact with chromatin-associated proteins in yeast as well as in vitro, indicating that they might define a new gene family of intermediary factors with a role at the level of the chromatin template.
Both T I F l a and T I F l P also interact with KRAB repression domains and repress transcription when fused to a DNA-binding domain. This is consistent with a simple model in which DNA-bound KRAB zinc-finger proteins recruit T I F l s via direct protein-protein interactions. By analogy with the known functions of the Drosophila chromoproteins, HP1 and Pc, which can promote heterochromatin-induced gene repression (reviewed in [27, 28] ), it is tempting to speculate that the binding of H P l a and/or MODl to KRAB-bound T I F l s might exert a silencing effect via the formation of transcriptionally 'inactive' heterochromatin-like 'condensed' structures, using (1) the self-association of HPlx/MODl for propagation and (2) interactions with histone H1-like proteins, such as HP1-BP74, that may serve to link HPla to nucleosomal DNA [ 161.
TIFla, but apparently not TIFlP, also has the properties of a mediator of the liganddependent activation function AF-2 of NRs [15] .
Although we cannot exclude the possibility that T I F l a is involved in ligand-dependent repression processes, a more attractive idea is that some, but not all, members of the T I F l gene family might function both in the assembly of repressive complexes and in the relief of this repression by liganded NRs. In this model, which implies an NR-KRAB zinc-finger protein crosstalk, binding of liganded NRs to T I F l a is thought to promote the conversion of inactive heterochromatin-like structures to 'active' euchromatin-like 'open' structures, possibly by triggering the release of H P l a or MOD1. T h e SNFZfiIBRGl complex, as well as the RAD54-related putative helicase HP1-BP38, both of which have been shown to interact with H P l a (see above), might facilitate this chromatin 
